Originally presented at the 1st IWA/WEF Wastewater Treatment Modelling Seminar (WWTmod 2008), this contribution has been updated to also include the valuable feedback that was received during the Modelling Seminar. This paper addresses a number of basic issues concerning the modelling of nitrite in key processes involved in biological wastewater water treatment. To this end, we review different model concepts (together with model structures and corresponding parameter sets) proposed for processes such as two-step nitrification/denitrification, anaerobic ammonium oxidation and phosphorus uptake processes.
INTRODUCTION
Traditionally most activated sludge models are built to model single-step nitrification and denitrification processes (e.g. Barker & Dold 1997; Henze et al. 2000) . In reality, however, the nitrification process is a two-step process carried out by two distinct groups of autotrophic organisms, whereas the denitrification process involves four steps to doi: 10.2166/wst.2008.485 reduce nitrate to nitrogen gas, i.e. NO 3 ! NO 2 ! NO ! 1/2N 2 O ! 1/2N 2 (Knowles 1982; among others) .
For most municipal wastewater treatment systems, nitrite accumulation is insignificant. Therefore such a simplified single-step model is typically allowed. However in some specific situations nitrite can play an important or even dominant role in the microbial conversions. Such situations include for example: (i) unstable operation of the municipal wastewater treatment plants (WWTPs) due to lack of sufficient oxygen, low temperature, low sludge age or the presence of inhibitory compounds, (ii) operation of the plant at high temperatures, (iii) side stream processes, and (iv) industrial wastewater treatment plants. In such systems, the above mentioned single-step assumption no longer holds or is even not desired, and as a consequence nitrite needs to be included in a model of these systems.
For example, in side-stream processes such as partial nitritation and anaerobic ammonium oxidation processes, nitrite is an essential component whose formation is specifically promoted by purposeful manipulation of environmental conditions (e.g. dilution rate, temperature, oxygen concentration and pH). Hence in order to model such dedicated control actions and their impact on the process, specific kinetics for each individual process step need to be defined. Especially inhibition terms e.g. for free ammonia and nitrite and also limitations like inorganic carbon have to be considered.
The majority of the published studies that consider nitrite as a model state variable describe nitrite by assuming two-step nitrification and two-step denitrification as follows: NH 4 ! NO 2 ! NO 3 and NO 3 ! NO 2 ! N 2 . It is important to note that other intermediates, notably NO and N 2 O, have also been observed in significant amounts, and some attempts have been made to model the accumulation of these intermediates too (von Schulthess & Gujer 1996) .
However these intermediates have not been incorporated into the main-stream activated sludge models for a number of reasons: (i) the production of NO and N 2 O does not contribute significantly to the total mass-flow of nitrogen in the system (though relevant in view of greenhouse gas issues) and (ii) in general the models are not used to predict NO/N 2 O in the plants as yet. However, this trend of not predicting NO/N 2 O may be about to change as there is a growing concern and drive from the point of view of climate change to consider Green-House gas (GHG) emissions from the wastewater treatment works (Shiskowski 2008) .
This concern has renewed the interest in the monitoring of gaseous NOx at full-scale plants and has encouraged research aiming at better understanding the interplay between the microbiological mechanisms and the process operation parameters that lead to emissions of NOx from the WWTP, e.g. limited oxygen, during simultaneous nitrification and denitrification and accumulation of nitrite (Colliver & Stephenson 2000; Tallec et al. 2006; Hiatt & Grady 2008; Kampschreur et al. 2008) .
While modelling of nitrite is commonly agreed to be well established for two-step nitrification and to some degree for anaerobic ammonium oxidation processes, it is found to be quite challenging especially for the two-step denitrification process and also for the anoxic phosphorus uptake (P-uptake) metabolism. Despite these challenges, several models describing nitrite build-up have been developed both for main wastewater and reject water treatment.
Some of these models have been tested experimentally in lab or pilot scale studies (Hellinga et al. 1999; Volcke et al. 2002; Wett & Rauch 2003; Moussa et al. 2005; Sin & Vanrolleghem 2006; de Kreuk et al. 2007; Jones et al. 2007; Xavier et al. 2007; Kaelin et al. 2008 ) providing a valuable and wide range of experiences about this problem.
In addition to the nitrification and denitrification processes, modelling of nitrite will have consequences for description of the other processes in the system such as P-uptake, endogenous respiration, hydrolysis and storage processes. Hence these processes will also have to be modified for a complete and consistent description of activated sludge systems including nitrite. These consequences include:
1. Nitrite build-up has been observed consistently to inhibit aerobic and anoxic P-uptake metabolism (Meinhold et al. 1999; Saito et al. 2004; Sin et al. 2008 ) which necessitates the appropriate extension of biological phosphorus removal (bio-P) models as well. In such a bio-P model extension, nitrite will serve as electron acceptor for the anoxic P-uptake as well as an inhibitor to aerobic P-uptake.
However, some discrepancy exists about the inhibitory level of nitrite for aerobic and anoxic P-uptake activities.
2. Endogenous respiration models will have to be extended with nitrite as electron acceptor as well, since it has been shown that redox conditions affect the endogenous respiration kinetics (Siegrist et al. 1999; Manser et al. 2006; Salem et al. 2006) .
Similarly hydrolysis and fermentation processes -if
assumed electron acceptor dependent, will have to be modified when nitrite is considered as electron acceptor in the system.
4.
For storage models such as ASM3, the anoxic storage metabolism will have to be extended with nitrite as electron acceptor as well.
In brief, while the modelling of nitrite is quite challenging, a good candidate model for the description of nitrite is expected to address the above mentioned issues and provide reliable parameter ranges for successful simulation of nitrite in the activated sludge systems. For example, it also appears that partial nitritation processes employed for reject water treatment may require different parameter ranges than those typically used in the main wastewater treatment lines.
In this contribution, therefore, we aim to bring together the valuable experiences of a number of groups from academia and industry that are active in this field, to address and resolve some of the issues on modelling nitrite in wastewater and reject water treatment.
REVIEW AND DISCUSSION OF NITRITE MODELS
In this section we will present an overview and discuss commonly used extensions for the nitrite modelling, focusing separately on the wastewater treatment and reject water treatment. The models are classified in the following subsections: (i) two-step nitrification, (ii) two-step denitrification, (iii) anaerobic ammonium oxidation, and (iv) P-uptake metabolism. In this discussion, the implications of nitrite on the polyhydroxyalkanoate (PHA) storage, endogenous respiration and hydrolysis processes are on purpose not considered to allow more detailed discussion of the main issues. For the same reason, the scope of this review was mostly limited to cover systems with suspended biomass.
While a number of examples from model applications to
biofilm systems is referred to below, it should be mentioned that a detailed discussion of the interplay between masstransfer resistances versus nitrification / denitrification kinetics has been avoided to keep the paper focused.
Two-step nitrification models
Model structure A review of model structures developed by various groups within main and side-stream processes is shown in Tables 1 and 2 for ammonium and nitrite oxidation steps respectively. The common aspect in all these models is that the growth rate is assumed as the rate-limiting step and used to describe the rate of other substrate conversions via stoichiometric yields-similar to the Activated Sludge For the ammonium oxidation models (Table 1) , the following differences are observed:
1. Ammonium versus ammonia as substrate source: Except for Hellinga et al. (1999) , Volcke (2006) and Van Hulle et al. (2007) , the other models assumed ammonium to be the substrate type for the growth of ammonium-oxidising bacteria (AOB). Notice that ammonia as substrate source was mainly considered for the models intended for the side-stream processes. Results of Anthonisen et al. (1976) support the claim that ammonia is the true substrate source as well as recent molecular simulation studies (Yang et al. 2007) . In either case, the Monod equation is used to describe the substrate limitation on growth. means that ammonia will probably not be inhibitory in the model in practice, except maybe for some side-stream treatment processes (Table 3) .
Nitrous acid inhibition:
It was considered only in the models developed for the side-stream processes using a switch function (Hellinga et al. 1999; Pambrun et al. 2006; Volcke 2006; Van Hulle et al. 2007) . This is probably because nitrite doesn't reach high levels in the main-stream processes, and hence the nitrous acid 
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Kaelin et al. Table 3 ). Especially at low sludge retention time Parameter values of two-step nitrification models is still premature to rule out the following hypothesis:
One model structure with one parameter set is adequate to describe the reported observations from different systems, e.g. side-stream versus main-stream processes.
Two-step denitrification models
Denitrification is a complex process involving four steps, which may be carried out (a) entirely by one group of denitrifying heterotrophic microorganisms leading to complete denitrification or (b) by the activity of more than one group of denitrifying heterotrophic microorganism leading to partial denitrification, i.e. different steps carried out by different organisms (Knowles 1982; Thomsen et al. 1994; Almeida et al. 1995) . Several structured models have been developed and evaluated earlier (Thomsen et al. 1994; Almeida et al. 1995; von Schulthess & Gujer 1996) , but the focus in this study is on the ASM-type models as summarized in Table 4 . A common assumption in these models is that the last two steps of the denitrification process occur faster than the former, hence the kinetic description of nitric oxide (NO) and nitrous oxide (N 2 O) formation/consumption is neglected.
The models of Hellinga et al. (1999) , Wett & Rauch (2003) and Volcke (2006) were developed for the side-stream processes, while the others were developed for the main-stream processes. In the case of Jones et al. least two points need to be taken into account:
1. Denitrification mechanism: Most models assumed a sequential denitrification mechanism, i.e. NO 3 2 ! Hellinga et al. (1999 ) (and Volcke (2006 as well) assumed parallel denitrification, i.e. NO 3 2 ! 1/2N 2 and NO 2 2 ! 1/2N 2 , for the sake of simplicity. Overall it is commonly agreed (at least by the authors of this paper) that while both mechanisms could take place (simultaneously) in reality, it is more comprehensive to use the sequential mechanism when describing two-step denitrification mathematically.
2. Substrate preference/competition: As there are two alternative electron acceptors (nitrate þ nitrite), one needs to describe the electron acceptor preference of the denitrifying bacteria. In this case, either one needs to assume mixed substrate (hence equal preference) and describe it as (C1/(C1 þ C2)) or as alternative substrates with a certain affinity using inhibition kinetics such as (K1/ (C1 þ K1) ).
The models of Sin & Vanrolleghem (2006) The parameter values adopted by the two-step denitrification models are shown in Table 5 . Some parameters, and more particularly the affinity constants, were observed to be common in these models, while the kinetic parameters were different. The latter could be related to: (a) methanol utilisers that have different kinetics and yields when compared to ordinary heterotrophs, which explains the lower yields of the Hellinga model, (b) the modelling framework, e.g. ASM1 versus ASM3, has a different definition of growth mechanism, which explains the different growth and decay rate values of Kaelin et al. (2008) and Sin et al. (2008) , and finally (c) nitrite accumulation during denitrification is a complex phenomenon which depends on process characteristics and history (see above). Not surprisingly some studies observed nitrite denitrification to be faster (Wett & Rauch 2003; Vanrolleghem 2006), while some observed the nitrate denitrification to be faster (Sin & Vanrolleghem 2006) .
Especially the last point makes it challenging to predict in advance which process operation/configuration will result in a nitrite accumulation. The above results demonstrate that future research efforts should be directed towards elucidating the details of the denitrification mechanism.
At this point of time, it can thus be concluded that while one model structure can be used to describe the two-step denitrification, it is not possible to adopt one set of parameters.
Anaerobic ammonium oxidation
The model structure of the anaerobic ammonium oxidation process appears to be consistent among different modelling schools (Table 6) (Table 6 ).
The parameter values adopted by these models are shown in Table 7 . There is some degree of variability, except for the yield and growth rate which remain mostly similar.
Important to bear in mind is that two of these studies (Hao et al. 2002; Van Hulle 2005) were theoretical and employed values from literature mostly referring to the experimental study of Strous et al. (1999) and or cross-referencing to their own studies. In fact, the experimental studies (Koch et al. 2000; Dapena-Mora et al. 2004; Jones et al. 2007 ) also adopted most of the parameters from Strous et al. (1999) , while only few parameters were identified by model calibration (the affinity constants, see Table 7 ).
With that background knowledge in mind, it becomes possible to explain the variability in the measured Overall these studies suggest that it is possible to describe the anaerobic ammonium oxidation process across various systems using one model structure and two parameter sets: (i) fixed parameters (biomass yield, specific growth and decay rates); (ii) changeable parameters (affinity and inhibition coefficients). Nitrite toxicity is described only by one model which found pronounced toxicity at low nitrite levels (e.g. 5 mg NO 2 -N/L). Therefore, to have a comparative discussion on this issue more observations with other Anammox systems will be useful.
Extending EBPR models with nitrite
Numerous studies with phosphorus accumulating organisms (PAOs) have also confirmed that elevated concentrations of nitrite negatively affect phosphorus uptake activities of PAOs under both aerobic and anoxic conditions (Meinhold et al. 1999; Saito et al. 2004;  among others). In short, nitrite is shown to be inhibitory to the P-uptake metabolism of PAOs-despite the disagreement on the threshold value, which varies from 2 to 8 (mg NO 2 -N) L 21 . Moreover, denitrifying PAOs were also shown to be able to utilise nitrite as an electron acceptor without any significant adverse effect on the anoxic P-uptake rate (PUR) within the studied range (up to 40 mg NO 2 -N/L). Some metabolic models were proposed incorporating nitrite as electron acceptor under anoxic conditions (Zeng et al. 2003; de Kreuk et al. 2007; Xavier et al. 2007) . The metabolic models have the obvious advantage of using a lower number of stoichiometric coefficients (which are worked out by assuming that the 
Hao et al. macroscopic yields themselves depend on the same metabolic yield coefficient, the ATP to NADH ratio) compared to ASM type models.
On the other hand, an extension of ASM2d which considers single-step denitrifying PAOs was also proposed in Sin & Vanrolleghem (2006) . This extension was further improved by the addition of the inhibition of aerobic PAO activity by nitrite in Sin et al. (2008) . 4. Denitrification is a complex process and mostly described as two-step, while the last two steps (reduction of NO and N 2 O) are assumed fast, and as a consequence typically not included in a model. Although its contribution to nitrite accumulation in main-stream processes may be less than that of the nitrification, nonetheless the underlying mechanism is still unclear. It is still hard to predict whether nitrite will accumulate as intermediate in 7. One important issue that also requires attention is the mathematical structure of the growth rate expressions.
This concerns both the 2-step nitrification and denitrification models, where one observes that the growth rate includes many terms to describe multiple substrate limitation, e.g. ammonium, oxygen, carbon, pH, for the growth of AOB. The substrate limitation is typically described using a Monod term, which is hardly equal to 1.0 even under unlimited substrate conditions (the Monod term would be rather close to 0.9 given typical range of substrate affinity constants in these models). In such a case, the overall effect of multiple substrate limitation on the maximum growth rate would be multiplicative hence inducing a pronounced reduction in the growth rate (in simulation). This issue is indeed important and has serious implications on the meaning of maximum growth rates used in these models. One way to solve this multiplicative issue would be to use a minimum operator (min), which takes the minimum of any of the multiple substrate limitations in question.
However dedicate research is needed for the validation of this approach, e.g. comparative study with experimental support.
Last but not least, modelling of the production of greenhouse gases nitric (NO) and nitrous oxide (N 2 O) during both the nitrification and denitrification processes is becoming increasingly demanded. In view of mathematical modelling this is feasible to do (and some proposals exist).
However, one first needs a proper understanding of the underlying mechanisms (e.g. microbiology) to be able to formulate a sound and reliable mechanistic model describing the dynamics of NO and N 2 O emissions from WWTPs. These issues certainly remain challenging and require further research.
